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INTRODUCTION
Precipitation records in high mountain areas are scanty. In Utah and the balance of Western United States nearly all of the rainfall intensity gages are located at elevations below 6,000 ft (1 829 m) m.s.l. Even in the valleys most of the recording rain gage records have not been reduced except by hours.
The papers of Farmer and Fletcher (1971 , 1972a , 1972b , Chang (1969) , and Croft and Marston (1950) have been given considerable insight into the characteristics of high mountain, short-burst rainfall events.
Millerand others(1 973) improved the isohyetal maps of the Western United Statesand included regressionsfor determining short duration expectancies from those for 6 hours for returns between 2 years and 100 years.
Personnel of the Utah Water Research Laboratory and Intermountain Forest and Range Experiment Station (1976) developed annual isoerodent maps of the United States including the Mountain States, in orderto extend the universal soil loss equation to all areas of the country. As a consequence of the availability of these maps, the use of isoerodent values for runoff peak forecasting was tested and the annual isoerodent values were found to be the most pertinent precipitation parameter for forecasting runoff peaks from ungaged watersheds (Fletcher and others 1 976). This paper presents an extension of Farmer and Fletcher (1 971 ) to include 1 precipitation gages of the Straight Canyon barometer watershed area and the isoerodent values for the Straight Canyon area, the Davis County area, and the Great Basin experimental area.
All precipitation gages were operated during June through September and four were operated from April through October. Gages were at elevations ranging from 7,235 ft (2 205 m) m.s.l. for the Orange Olsen site to 1 0,400 ft (3 1 70 m) m.s.l. for the Skyline site. The gages were sufficiently close to one another that single storms were frequently recorded on more than one precipitation gage. Total annual rainfall rangesfrom 1 6.1 inches (40.89 cm) at Lower Joes Valley to slightly over 40 inches (1 02 cm) on the three peaks (U.S. Weather Bureau 1967) . Approximately 44 percent of the precipitation falls during the period May to September.
Summer precipitation contributes little water to the annual stream flow volume, but it is important to the production of mountain vegetation that is vital to soil stability (Packer 1951; Orr 1957; Packer 1963; and Croft and Bailey 1964) . however, vegetal cover is only one factor that affects the hydrologic performance of a watershed. Storm characteristics also have a major effect on the processes of soil erosion and flood production, especially when the land becomes barren of vegetal cover due to fire, road construction, overgrazing, or urban development.
A storm was defined for this study as a period of precipitation, uninterrupted for a period exceeding 1 hour, delivering at least 0.10 inch (2.5 mm) of water.
Most of these storms were convective thunderstorms and frontal thunderstorms aided through orographic lifting. Summer convective cells, often associated with lightning, usually approach from the south or southwest, which is the direction of the prevailing wind of that season. Some of the storms that delivered the greatest intensity of rainfall were probably of a type that has been termed orographic-convective. The primary source of summer moisture aloft comes from the Pacific Ocean (Hales 1972 (Hales , 1973 
METHODS
Machine methods were used to digitize the original analog rainfall records. Compilation of the digitized records was done by computer. The final computer output for every storm consisted of both accumulated precipitation depth and rainfall intensity for the following 1 2 time durations: 2, 5, 1 0, 1 5, 20, and 30 minutes and 1 ,2,4, 6, 1 2, and 24 hours. The computer output also included the total precipitation depth for every month as well as a yearly summary of maximum depth and intensity.
Record Consistency
All of the records were checked for consistency by double-mass plotting (Searcy and Hardison 1 960). This technique was applied to the combined depth records onlyfor Julyand August because all of the gages were in operation during these months.
Frequency Analysis
A detailed annual seriesfrequencyanalysisof rainfall intensity was made for every station. A separate analysis was made for each of the 1 2 time durations. The formula developed by Weibull was used to obtain plotting positions (Chow 1964 Thisformula has been found to be theoretically suitable for plotting annual maximum series on extremal distribution paper (Chow 1 953). Grass-sage Precipitation Zones Peck and Brown (1 962) divided Utah into 20 precipitation regions. They found that a large amount of the variation between regions in the May-September precipitation was accounted for by elevation. All of our data are point data. Consequently, we had to define criteria for dividing the study areas into homogeneous zones in order to make areal application of these point data.
The three criteria used were: (1 ) station elevation; (2) the valuesfrom the station intensity-duration-frequency curve; and (3) the station I10/I2 ra tio for all durations between 2 and 30 minutes ( fig. 1 , tables 1 and 2). The latter is a dimensionless ratio that expresses the average slope of the short-duration rainfall intensity curves between 2 and 10 years. This ratio was computed by dividing the summation of intensities having durations of 2, 5, 10, 15, 20, and 30 minutes for the 10-year recurrence interval by the comparable summation for a recurrence interval of 2 years. Any region that is homogeneous with respect to its rainstorm characteristics should have frequency curves of about equal slope or steepness. Consequently, the I10/I2 ratio is useful statistic for comparing the slopes of frequency curves as a basis for judging homogeneity of precipitation zones.
Average Monthly Depth and Number of Storms
Analyses for the average monthly depth of precipitation and the average number of storms per month are complete only for June-September. At the highest elevation stations, the data for May and October were insufficient to compute a reliable monthly average.
Storm Occurrence by Hour
Storm occurrence by hour was analyzed by compiling the number of storms starting in any hour of the day expressed as a percent of the total storms. These data were plotted as a mass curve for each zone.
Storm Penetration
Storm penetration is a measure of the distance a storm travels downwind from the first uplift barrier, in this case the Wasatch and Pavant Mountain Ranges. The greater the penetration, the less precipitation falls at a given elevation.
Erodent, R, Values
The erodent values for each precipitation station were calculated from the unit intensity and volume by the relationship:
24-Hour Precipitation Depth
The intensities for the 24-hour duration were converted to precipitation depthsfor recurrence intervals of 
Storm Duration
The duration of all storms at all precipitation gages was divided into 0.25-hour units and the frequency in each group recorded and expressed as a percentage of the total number of storm events. These percentages were plotted against the unit of duration in which each occurred.
RESULTS

Consistency Test
The records were not adjusted. None of the mass curves plotted as smooth straight lines and isolated points fluctuated both above and below the trend line. Even so, the breaks in the lines didn't persist for a period as long as 5 years. The breaks in the lines were considered to be no greater than might reasonably be expected for thunderstorm data obtained from mountainous areas. Furthermore, none of the differences between the first and second half of the records were significant so the records could be said to be consistent.
Precipitation Zones
Within the study area the precipitation zones are related to the vegetal patterns ( 
Intensity-Duration-Frequency Characteristics
The curves in figures 2, 3, and 4 are for recurrence intervals of 2 to 50 years and storm durations between 2 minutes and 24 hours. All return period intensity values for 1 years and longer were determined by linear interpolation. As such, these must be used with caution. Also, the recurrence interval is the average interval during which an intensity of a given duration will recur as an annual seasonal maximum. Snow may have occurred during any month of the year at the higher elevations, and thus was probably caught in all of the higherelevation gages. There is little doubt, however, that values for periods shorter than 2 hours and recurrence intervals longerthan 10yearsare from rainfall events. The rainfall intensities in each precipitation zone are appreciably different from those in any other zone. For example, for a duration of 2 minutes and 2-year recurrence, the intensity is 1 .20 in (30 mm)/h for zone 1 , 0.30 in (8 mm)/h for zone 2, and 1.65 in (4.2 mm)/h for zone 3.
At a 50-year recurrence, the 2-minute intensities become 4.52 in (1 1 8 mm), 7.65 in (1 94 mm), and 1 3.50 in (343 mm)/h, respectively. The 50-year/2-year ratios for a 2-minute duration become 3.77 in (96 mm), 25.5 in (648 mm), and 8.1 8 in (208 mm)/h for zones 1 , 2, and 3, respectively. 
24-hour Precipitation Depth
Only 4 percent of the storms at the Straight Canyon barometer watershed have durations longer than 7 hours. However, the longer duration storms are of interest in the design of contour trenches and road drainage devices. Storms of long duration rarely produce floods in this area. The 24-hour volumes were tabulated for the three zones for recurrences of 10, 25, and 50 years and are presented in table 3. As would be expected, considering the penetration distance from the mountain front the 14-hour precipitation volumes are smaller than the volumes for either Davis County or Ephraim experimental areas.
Average Monthly Depth and Number of Storms
The monthly precipitation depths were determined from gage catch. We hoped that these data could assist in clarifying the mountain-valley precipitation relationships when used in conjunction with intensity-durationfrequency characteristics.
Monthly precipitation fluctuates widely between zones and between years. Any month during the period May-October may be completely dry at one or more precipitation stations. Also, any month may exceed the average threefold to sevenfold.
The average number of storms during each month and within each zone varies widely as does the monthly volumes of precipitation (table 4) . These values resemble those for the Great Basin experimental area (Farmer and Fletcher 1971) . The expected relation between a valley station, Castle Dale, was of a relatively low order. Furthermore, the most intense rains occurred in zone 3 while the greatest monthly volumefell in zone 2. This distribution confirms the significant correlation between elevation and monthly rainfall volume. Figure 5 illustrates the seasonal precipitation volumes for the three zones and Castle Dale, which is in the valley just below Straight Canyon barometer watershed. Indications with these incomplete data confirm the September dry season mentioned by Price The summer precipitation burst is considered to be a reflection of the summer Gulf of California monsoonal storms as well as orographic convection. The monsoonal storms generally peak during August but may occur in the period June through October.
Storm Occurrence by Hour
On the average, storms occur on the Straight Canyon barometer watershed most frequently between 1100 and 1300 hours. Figure 6 shows the percentage of storms occurring during each period of the 24-hour day.
Note that few storms occur between 2100 and 900 hours. This observation agrees with the distributions found on the Great Basin experimental area (Farmer and Fletcher 1971) . Both these curves differ significantly from the curves for Davis County.
The concentration of the storms in the afternoon is expected because convection must trigger the monsoonal storms as well as orographic convective storms.
Storm Penetration
The storm penetration distances in miles downwind from the Wasatch-Pavant fronts for each gage on the Straight Canyon barometer watershed are shown in table 2. A good, simple correlation with a log-log transform exists between the miles of penetration and 10year, 10-minute precipitation intensity. The correlation coefficient, r 2 = 0.59, is significant at the 1 percent probability. When all gages are included in the relationship, the gages on the windward slopes dominate the relationship and the correlation reverses to become significantly negative at the 5 percent probability level. fall intensity increases from 1.55 in (39 mm) to 2.85 in (72 mm) per houras penetration increasesfrom 20to30 miles. On the other hand when all three locations are in the regression, the 10-year, 10-minute precipitation intensity decreases from 3.00 in (76 mm) per hour at 0.7 miles to 2.30 in (58 mm) per hour at 30 miles.
Erodent Values, R
The mean annual El values for the three locations may be seen in tables 2 and 5 for each of the precipitation zones. Since R values are determined from log probability plots of the annual El values, it isimportantto know not only the R ormean annual (2-year) El value but the slope of the line that was used in the rainfall frequency depth curves. The ratio of the 10-year El value to the 2-year (R10/R2) gives this slope. Then an El value for any frequency greater than the mean annual value (R 2 ) can be determined.
For periods of timeshorterthan 1 yearthecurvesasa percentage of the mean annual R value are of use. Figure 7 shows the monthly percentage of the annual R value that occurs from the beginning of the season to each date to the end of the season for each of the three precipitation zones of the Straight Canyon barometer watershed. Figure 8 shows the same data for the Great Basin experimental area zones and figure 9 shows the same data for the Davis County experimental watershed zones.
Use of R Values Wischmeier and Smith (1958) presented a method for utilizing the R value as a parameter for estimating mean annual erosion east of the Rocky Mountains. Utah the balance of the United States. Briefly, the method the mean annual erosion per acre, A, is equal to the product of R; an erodibility factor, K; a slope length factor, L; a slope steepness factor, S; and a cover practice parameter, CP.
The latter group also substituted VM for CP as more appropriate to nonfarm areas. The VM symbolizes vegetation management. All other treatments could be reduced to changing the values of slope or slope length, for example contour ditches, terraces, etc.
In the universal soil loss equation the values of L are in terms of the ratio of soil lost from a slope length of 72.6 feet (22 m) and the values of S are in terms of the ratio of the soil lost from a slope steepness of 9 percent gradient.
Example. A small homogeneous (soil, cover, and slope) area rectangular in shape has a slope length of 73 feet (22.3 m) and a gradient of 9 percent. There is 1 ton per acre (2.25 t/ha) of litter on the surface of the soil whose erodibility is 0.50. Is this sufficient protection to have less than 4 tons per acre (9 t/ha) of erosion if a 1 0year event should occur? The R value is 31 and the R 10 /R2 is 8. Figure 10 shows the tons per acre (t/ha) of litter as related to the RKLS value that the mulch can withstand without failure or appreciable erosion.
Solution. Enter figure 1 with 1 ton/acre (2.25 t/ha) and read RKLS = 74. This is the RKLS the litter can safeguard if the VM value is 1.0. The 10-year RKLS of the site may be determined as follows: R = 31 X 8 = 248 K = 0.50 LS = 1 RKLS = 248 X 0.50 X 1.0 = 124 124 > 74; therefore this amount of litter will not protect the site if the litter is the only protection the site has. If in addition to the 1 ton per acre (2.25 t/ha) of litter, there is a 10 percent ground cover of grass and a 50 percent canopy of tall weeds, this would make the VM factor equal to 0.19, figure 11. The site RKLS would reduce VM to 0.19 X 124 = 23.6, thus fully protecting the site from the 10-year R. R values have other uses. For example, suppose we needed the 10-year runoff peak from a 1 -square-mile watershed whose difference in elevation between the top and bottom of the watershed was 1,000 ft (305 m) and the R value at the watershed center was 30, the equation developed by Fletcher and others (1977) could be used as follows: -= 1 .2801 5 A -56172 R094356 (DH) 0.16887 The desired 10-year peak flow would then be q 10 = 1.28015 (1)0-56172 ( 3 0) 0.94356 (1 00) 01 6887 = 101.8 ft 3 /S (2886 liters/sec).
Storm Occurrence by Storm Duration
The percentage of short durations is appreciably higher on the Straight Canyon zones than either at the Davis County experimental watersheds or the Ephraim experimental area. Figure 1 1 shows the cumulative frequency distribution of storm durations. The correlation between elevation and duration can be seen in the mean values for each zone where zone 1 mean elevation 9,045 ft (2 757 m) has 33 percent of the storms shorter than 36 minutes, zone 2 mean elevation 1 0,065 ft (3 068 m)has22 percentof the storms shorter than 36 minutes, and zone 3 elevation 7,765 ft (2 367 m) has 41 percent of the storms shorterthan 36 minutes. Incidentally, only one storm at one location lasted up to 15 hours. STORM DURATION The duration distribution of the 1,228 storm events on the Straight Canyon barometer watershed are shown in figure 1 2. The longest duration recorded for any storm was 1 5 hours, with 90 percent of the storms having durations shorter than 5 hours and approximately half of the storms having durations shorter than 1 hour. STORM DEPTHS The largest single storm depth was 1.50 in (38 mm). Figure 13 shows the frequency districution of the 1,228 storm depths. Note that more than 65 percent of the storms have depths smaller than 0.15 in (3.8 mm). The depth distribution of storms at Straight Canyon essentially fits a log normal distribution as evidenced by the straight line in figure 13 . 
DISCUSSION
In general, the mountain-valley intensity relationships stated by Brancato (1 942) hold truefor these data.
He stated:
With regard to variation of thunderstorm rainfall with elevation . . . over a long period of time a station located at a lower elevation is likely to experience the most intense thunderstorm.
Dorroh (1946) also substantiates this hypothesis.
Plant cover destruction resulting in active flood and sediment source areas has occurred prevalently on high-elevation herbaceous sites that lie above the aspen-fir type, and was due primarily to summergrazing overuse by livestock. Our data show that the rainfall intensities expected to occur on such sites are quite substantial.
Some of the rainfall intensities that can be expected to occur probably will be greater than the infiltration capacities of some sites, particularly those in poor hydrologic condition. Hence, overland flow is almost a certainty. Fortunately, management practices on mountain watersheds can drastically alter runoff volumes, flood peaks, and erosion. This has been amply and convincingly demonstrated on the Davis County experimental watershed (Bailey and others 1 934; Bailey and others 1 947). On both study areas in the middle 1 930's, severe mudrock floods were generated by storm events with a recurrence interval of only 15 years. Since that time, both vegetal and mechanical rehabilitation measures have resulted in the satisfactory disposition of storm rains of equal or greater magnitude.
The greatest annual rainfall intensities can be expected at the lowest elevation on the Straight Canyon barometer watershed. This is different than on the Ephraim side of the mountain but similar values were obtained at Oaks climate station, which is the same elevation band as zone 3 on Straight Canyon.
Depth-duration curves suggest that the longer the storm, the greater the runoff. Osborn (1 964) has pointed out that the use of depth-duration data can result in misleading runoff values. He reported that, in the semiarid Southwest rangeland, major runoff events are often the result of short-lived, high-intensity convective storms. Osborn's conclusion is generally applicable to our study areas. Major amounts of summer runoff will usually come from storms of medium duration, namely 2 to 6 hours, with short periods of high-intensity rainfall bursts. Although the mountain-valley intensity relationships tended to follow Brancato's (1 942) thesis that the lower lying stations receive the most intense rainfall, our data do not support his contention concerning the amount of rainfall. He stated:
Three to four times as many thunderstorms occurred on the middle and upper windward slopes of the mountains as on the relatively flat and lower portions of the basin. However, contrary to published and popular accounts, the thunderstorms produced the greatest amount of precipitation at the lower elevations and not on the mountain slopes. The most favorable conditions for the production of heavy rain is the presence of an air mass with a sufficient amount of available energy and the greatest possible amount of moisture. Orographic lifting is very effective as a mechanism to release the latent energy in an air mass, but as the air is lifted over progressively higher terrain, the total amount of available precipitable water above any given area becomes progressively smaller. Two assumptions upon which Brancato bases his thesis might be questioned. One is the assumption that the amount of precipitable water in an airmass becomes significantly less as it is forced over a single mountain crest. It is not likely that the total precipitable water changes very much on adjacent precipitation zones.
Significant diminution of precipitable water requires the passage of an airmass over substantial sections of terrain. Another questionable assumption is that orographic lifting is the dominant mechanism triggering storms. Orographic effects may well contribute to summer shower activity, but the local daytime slope heating and induced upslope breezes are probably more important. Cold fronts and uppertroughs may also contribute to some of the storms, especially early and late in the season. These may act in conjunction with daytime surface heating and orographic lifting.
The relation between elevation and number of storms is similar to that between elevation and average monthly rainfall depth. The ratio between the number of storm occurrences at the highest zones and at the lowest zones varies between 1.0 and 1.2.
The Straight Canyon 60-minute rainfall intensities are more like those given by Farmerand Fletcher(1 971 for southern Utah than central Utah. Other observations regarding area of application are similar.
On the basis of the zonal R values, both erosion and runoff peaks should be about 1 .3 times as great in zone 3 as in zone 1.
